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I N T R O D U C T I O N
The otolith organs are the vestibular system's graviceptors/ linear accelerometers. Like all linear accelerometers, otolith organs respond to specific gravito-inertial force (GIF), which is the sum of the specific force associated with gravity and the specific inertial force due to linear acceleration. Specific force is force per unit mass (units of m/s 2 ); for simplicity, "force" is used to refer to specific force throughout the rest of the paper. Mathematically, the relationship between gravity, linear acceleration, and gravito-inertial force is f ϭ g ϩ f i ϭ g Ϫ a, where f represents gravito-inertial force per unit mass, g represents gravitational force per unit mass, and f i represents inertial force per unit mass, which is just the negative of linear acceleration (f i ϭ Ϫa). Despite this inherent physical ambiguity, humans perceive both tilt (Dichgans et al. 1972; Graybiel and Clark 1965; Merfeld and Zupan 2003; Stockwell and Guedry 1970) and translation (Benson et al. 1986; Israël and Berthoz 1989; Melvill Jones and Young 1978; Parker et al. 1979) . The fact that we perceive both tilt and translation demonstrates that the nervous system includes neural processes that at least partially resolve the ambiguous otolith cues. Two recent papers (Merfeld et al. 2005a,b) reported human tilt and translation responses during a set of three different motion paradigms: roll tilt alone (tilt), interaural translation alone (translation), and combined tilt and translation (tilt&translation). Results of the above studies suggested that the translational vestibulo-ocular reflex (VOR) responses were governed by a different mechanism than that used to elicit perception of translation or perception of tilt. Specifically, horizontal eye movement responses were consistent with simple filtering of the interaural otolith cues. This finding is consistent with the contributions of simple filters to the processing of sensory cues (Mayne 1974; Merfeld et al. 1996; Paige and Tomko 1991; Seidman et al. 1998; Telford et al. 1997) . Specifically, the horizontal VOR responses were independent of the canal rotational cues because the responses were nearly the same when the subject was tilted or translated. The same studies reported that both the perception of tilt and the perception of translation depended on the canal cues that were present when the subject was tilted but were not present when the subject was translated. These perceptual findings are consistent with the contributions of internal models to the neural processing of ambiguous sensory cues (Angelaki et al. 1999; Dichgans et al. 1972; Glasauer 1992 Glasauer , 1995 Mayne 1974; Merfeld 1995; Merfeld and Young 1995; Merfeld et al. 1999; Stockwell and Guedry 1970) .
It is important to note that the perceptual measures discussed in the preceding text were obtained via post hoc verbal reports of perceived motion. Our earlier findings have been criticized because the measures were "just" verbal reports. Although verbal reports, which are a form of magnitude estimation (Stevens 1974) , are reliable and, hence, commonly used to measure vestibular tilt perception (Clement et al. 2001; Kaptein and Van Gisbergen 2003; Merfeld et al. 2005a,b) , they assay a different quantity than psychophysical techniques and are not as well-anchored as measurements made via commonly used psychophysical methods like the subjective visual vertical/horizontal (Jaggi-Schwarz and Hess 2003; Jaggi-Schwarz et al. 2003; Kaptein and Van Gisbergen 2003, 2005; Mast and Jarchow 1996; Merfeld et al. 2001; Mittelstaedt 1992) or a somatosensory task (Clement et al. 2002; Merfeld et al. 2001; Wade and Curthoys 1997; Zupan and Merfeld 2003) . In addition, psychophysical measures have better spatial and temporal resolution, are not reported retrospectively, and are direct (i.e., not mediated by language). Perhaps even more importantly, phase information was unavailable from the verbal reports that we reported earlier. Therefore we performed the same motion protocols used for an earlier study (Merfeld et al. 2005a ) but used a somatosensory task instead of verbal reports to record tilt perception. As before, we used two motion paradigms that provide identical interaural otolith cues but different canal cues-sinusoidal roll tilt about a head-centered rotation axis (tilt) and sinusoidal interaural linear acceleration without the presence of roll canal cues (translation). These tests were performed across a broad range of frequencies (0.01-0.7 Hz) and, hence, also provide the first broad band characterization of human tilt perception using a psychophysical task.
Methodological descriptions are brief because general methods are identical to those published earlier (Merfeld et al. 2005a) . Details, especially those regarding the motion stimulation, can be found in the earlier paper. Eight healthy subjects (7 males and 1 female) aged between 22 and 60 yr participated after being prescreened. Six subjects were naïve regarding testing goals and device motion capabilities. All subjects signed informed consent prior to participation. All eight subjects successfully completed the tilt testing, but only six successfully completed translation testing. One subject could not complete the translation testing due to motion sickness, and the data from a second were not analyzable due to a technical problem with the somatosensory bar. During testing, each subject sat securely in a chair that was identical for both experimental paradigms. Each subject's head, trunk, and legs were secured. All trials were performed in darkness. The order of trials was randomized for each subject to minimize the influence of any potential order effects. To minimize potential cognitive influences on the responses, subjects were not shown the motion devices beforehand and were seated in the chair as quickly as possible so that they could not determine what motions were possible.
In one motion paradigm, labeled "tilt," the subjects were sinusoidally roll-tilted with the center of rotation near ear level. Stimulus frequencies ranged from 0.005 to 0.7 Hz, and the peak amplitude of tilt was 20°. During this paradigm, subjects experienced sinusoidal roll canal cues due to the roll angular velocity as well as sinusoidal interaural otolith cues that were almost exclusively due to tilt with respect to gravity.
In the "translation" paradigm, subjects were seated on a chair mounted on a linear acceleration device and translated side-to-side at the same stimulus frequencies as those employed for the tilt paradigm. Translation trials were designed to provide identical interaural otolith cues (0.34 g) as the tilt trials without dynamic roll canal cues. For the highest stimulus frequency (0.7 Hz), the subjects were simply sinusoidally translated from side to side with a peak displacement of 17.3 cm. Centrifugation at a constant angular velocity was necessary to provide the appropriate interaural otolith stimulus for all other frequencies, (0.005-0.5 Hz) due to the limited length of the translational device. Details of the protocol have been described previously (Merfeld et al. 2005a ). The peak amplitude of the steady-state, radial, translation oscillation ranged between 11.5 and 17.5 cm, depending on the stimulus frequency, and was chosen such that the interaural linear acceleration, which consisted of both radial and centripetal components, had a peak amplitude of 0.34 g, matching the interaural gravitational force experienced during a 20°roll tilt.
An aluminum tube (30.5 cm long) was placed ϳ35 cm from the subject's midriff. This tube was attached to a precision potentiometer and rotated by the subject in a plane parallel to their coronal plane (Merfeld et al. 2001) . Prior to data collection, all subjects were instructed how to perform each of two different somatosensory roll tilt indication tasks, one discrete and one continuous. In addition, each subject performed a subjective calibration task in which they tilted the bar in the dark to an angle, randomly commanded by the experimenter, between Ϯ40°at 10°intervals. This calibration methodology has been described previously (Clement et al. 2002) . This personal calibration value was then applied to all subsequent somatosensory measures for each subject.
For the discrete task, subjects were asked to offset the bar back-and-forth at least twice (by Ն20°) before aligning the bar to their perceived earth-horizontal. The subjects then pressed a push-button located at the end of the bar to mark their setting. This task is similar to that previously reported by Wade and Curthoys (1997) . Offsetting the bar was required to help minimize the influence of previous settings (Merfeld et al. 2001) . Subjects were asked to make as many settings as they could while maintaining high accuracy. Subjects performed this discrete task with an average setting frequency of ϳ0.5 Hz.
Because the discrete task could not be performed fast enough to provide adequate data at higher stimulus frequencies, motion trials at frequencies between 0.05 and 0.7 Hz were also performed with a continuous somatosensory bar task (Merfeld et al. 2001 ). For the continuous task, subjects continuously aligned the bar with their perceived earthhorizontal.
Analog data were acquired at a rate of 60 Hz. The tilt angle of the somatosensory bar and state of the push-button (used for the discrete task) were recorded. The tilt angle of the subject's seat (measured with a potentiometer placed on the rotation shaft) was recorded for the tilt paradigm, while the radial position of the subject's seat (measured via a potentiometer placed on the linear motion drive shaft) was recorded for the translation paradigm.
Steady-state sinusoidal data were fit, using linear regression least mean square methods, to the equation, x(t) ϭ B ϩ A c cos(2ft) ϩ A s sin(2ft), where B is the DC bias, A c is the amplitude of the cosine component, and A s is the amplitude of the sine component. This fit was performed on a cycle-by-cycle basis. Reliable sine fit results were obtained only for data that had at least four points per cycle for the discrete task or at least half of a response cycle for the continuous task; data that did not meet these criteria are not reported.
The somatosensory bar indications of tilt showed a substantial sinusoidal component at the stimulus frequency that was almost in phase with the stimulus (Figs. 1, 2, and 3B) . A phase shift of 0°means that the reported tilt was in the appropriate direction (i.e., a tilt to the left during the tilt paradigm and an acceleration to the right during the translation paradigm produced reports of tilt to the left). The discrete somatosensory task was performed fast enough to provide reliable fits of the data for stimulus frequencies up to and including 0.1 Hz. Figure 1 shows the discrete responses of one subject at 0.005 and 0.05 Hz. Consistent with the overall mean across subjects, this subject indicated slightly greater perceived tilt during the tilt paradigm than during the translation paradigm. Furthermore, the tilt indications had about the same amplitude for stimuli at 0.005 and 0.05 Hz for both tilt and translation paradigms. Figure 2 shows perceptual tilt data provided by the same subject performing the continuous somatosensory task during motion stimuli at 0.05 Hz (providing overlap with the discrete data shown in Fig. 1 ) and 0.7 Hz. Again, consistent with the overall mean across subjects, the tilt response for this subject during the 0.05-Hz stimulus was slightly smaller during the translation paradigm (Fig. 2B ) than during the tilt paradigm ( Fig. 2A ). Also consistent with previous studies (Merfeld et al. 2001) , the bar indications of tilt were a little greater for the discrete task (Fig. 1, C and D ) than for the continuous task (Fig. 2, A and B) with an average ratio of 1.09 and 1.29 over all subjects for tilt and translation trials, respectively. While a substantial tilt response was still evident for this subject during the tilt paradigm motion stimulus at 0.7 Hz (Fig. 2C) , little or no tilt indication was present during the translation stimulation at the same frequency (Fig. 2D) .
The tilt response for the tilt trials (ϫ) was almost constant, though it did show a decrease around 0.05 Hz, consistent with modeling predictions (Merfeld and Zupan 2002), before leveling off again at higher frequencies (Fig. 3A) . As for the verbal responses reported in Merfeld et al. (2005a); we observed an overestimation of tilt at the lower frequencies, which was discussed in detail in Merfeld et al. (2005a) . The amplitude of the tilt response during the translation trials (E) showed characteristics consistent with a low-pass filter, being roughly constant at lower frequencies and falling substantially at frequencies Ͼ 0.1 Hz (Fig. 3A) . These findings are qualitatively similar to verbal tilt reports reported previously (Merfeld et al., 2005a) , although the response decline appears more precipitous for the somatosensory task. Inconsistent with simple low-pass filtering of otolith signals, which would show substantial phase changes over the frequency range of 0.005 to 0.7 Hz, tilt perception was always about 0°in-phase with the stimulation (Fig. 3B) . This indicates that the subjects' tilt perceptions were tightly phase-locked to the stimulation, independent of frequency. It is worth noting that the discrete and continuous tilt indications were significantly different from one another at the overlapping frequencies (P Ͻ 0.01), which indicates that the tasks, although qualitatively very similar, do not provide identical subjective tilt measures. The continuous task resulted in slightly, but significantly, smaller tilt indications than the discrete task, probably because previous and present settings affect future settings (Merfeld et al. 2001) . The discrete task eliminates this influence of previous settings by having the subjects rapidly oscillate the bar back and forth between each pair of settings. The continuous task data were scaled so that they had the same magnitude as the discrete task data at the frequencies of overlap (i.e., at 0.05 and 0.1 Hz, Fig. 3C ). The general trends remain identical to those shown in Fig. 3A .
We have shown that substantial differences in tilt perception were measured for the translation and tilt stimuli. Because the two motion paradigms provide drastically different canal cues (i.e., absence of canal cues during translation vs. presence of canal cues during tilt), while providing identical interaural otolith cues, the results suggest that rotational cues from the semicircular canals have a substantial influence on tilt perception. This is primarily evident at frequencies where the canals provide accurate rotational cues (Ͼ0.05 Hz). These findings are consistent with previously published modeling predictions, based on internal models and sensory fusion (Merfeld and Zupan 2002; Merfeld et al. 2005a) , that showed substantial difference in tilt responses for the translation and tilt conditions especially at frequencies Ͼ0.1 Hz.
Another potential explanation is differences in the force variations along the long body axis (z axis) during tilt and translation. However, we think that z-axis force variations are unlikely to be the predominant influence for small angles of tilt because 1) these force variations are substantially smaller (varying between 1.0 and 0.94 g) than the interaural force variations (varying between 0.0 and 0.34 g); 2) subjects accurately estimate tilt for small tilt angles when the z-axis force variations are subthreshold (Merfeld et al. 2005b) ; and 3) the z-axis force variations are identical for both low and high frequencies, while the response difference is observed only at higher frequencies, when the canals cues provide good rotation information.
This study was, in part, motivated by an earlier classic study (Stockwell and Guedry 1970) that showed that perceptions of roll tilt changed much more rapidly during an actual roll tilt (similar to the roll tilt used in our tilt condition) than during fixed-radius centrifugation (Clark and Graybiel 1963; Graybiel and Brown 1951; Graybiel and Clark 1965) . This difference in time course led Stockwell and Guedry (1970) to conclude that roll rotation cues from the canals were used to help estimate roll tilt. In hindsight, however, it appears that a comparison to the fixed-radius centrifugation findings was not a good baseline because a recent study (Merfeld et al. 2001) showed that the yaw rotation cues present during fixed-radius centrifugation caused a substantial lag in the perception of roll tilt; the sensation of roll tilt built up much more slowly when yaw canal cues were present during fixed-radius centrifugation than in the absence of yaw rotation cues during a variable radius paradigm (Merfeld et al. 2001) . Because yaw canal cues were not present at the time the translational stimuli were delivered in the translation paradigm used herein, the findings presented resolve these issues left open by the earlier Stockwell and 3. Average somatosensory tilt responses (amplitude and phase) as a function of frequency during the translation (E, n ϭ 6 subjects) and tilt (ϫ, n ϭ 8 subjects) paradigms. Error bars represent SE. A: mean tilt amplitude was calculated by computing the vector average across subjects. B: mean phase was calculated by normalizing the data from each subject to have gain of 1 before performing a vector average, from which phase was calculated ϭ tan Ϫ1 (A s /A c ). A s and A c are the mean sine and cosine components, respectively. The normalization process was performed so that the phase of responses from subjects with smaller tilt indications (e.g., 10 -15°) would have the same influence on the average phase data as the phase from subjects with larger tilt indications (e.g., 30 -40°). C: because previous studies have shown that continuous tilt measures underestimate tilt (Merfeld et al. 2001) , we rescaled the continuous data (-) to match the amplitude of the discrete task data ( ⅐ ⅐ ⅐ ) at overlapping frequencies (0.05 and 0.1 Hz). To accomplish this, we calculated the average ratio of the mean discrete tilt indications divided by the mean continuous tilt indications at overlapping frequencies and used this ratio of 1.09 and 1.29 for each translation and tilt trial, respectively, as a scaling factor to multiply all continuous tilt settings. A first order low-pass filter (blue) was fit to the amplitude of the tilt data during the translation paradigm. A cut-off frequency of 0.07 Hz provided the best fit to the amplitude data. Internal model predictions of the phase (B) and amplitude (C) of the tilt response during tilt (green) and translation (red) paradigms are also shown. To provide a direct comparison between the tilt data and model predictions, the modeled nondimensional tilt gain (the ratio of peak estimated interaural gravitational force divided by the peak interaural gravito-inertial force) was scaled to best match the data with the scaling factor of 30.7 and 24.0°for translation and tilt paradigms, respectively. Guedry study. However, our study supports the same basic conclusion, namely, that roll rotation cues from the vertical canals have a substantial and relatively direct influence on roll tilt perception. This is consistent with our own recently published findings (Merfeld et al. 2005a,b) and with the findings of an earlier study (Glasauer 1995) that, based on similar tilt perception findings during translation, concluded that the nonlinear mechanisms must be contributing. But the contribution of nonlinear mechanisms does not prove that low-pass filtering of otolith afferent signals could not contribute.
In fact, consistent with low-pass filtering of otolith afferent signals and with earlier studies (Glasauer 1995; Seidman and Paige 1996) , the amplitude of tilt responses during translation decreases as frequency increases (Fig. 3A) . However, the phase of tilt responses during translation is qualitatively different from the phase predicted via a low-pass filtering model. In addition, both the phase and amplitude of tilt responses are qualitatively different from predictions made by low-pass filtering otolith afferent signals when the canals are dynamically activated during tilt.
In comparison, both the amplitude and phase of tilt responses during tilt demonstrate frequency characteristics that match predictions made by a recent model (Merfeld et al. 2005a ) of canal-otolith interactions (Fig. 3, B and C) . Similarly, the amplitude of tilt responses during translation also nicely matches model predictions (Fig. 3C) . However, the frequency characteristics of the phase response during translation do not match the predictions from our current internal model (Fig. 3B ). This discrepancy shows that our understanding of these sensory interactions is incomplete. For example, it is possible that other influences that are not modeled, like vibration and/or auditory cues (Yong et al. 2001) , might contribute to this multi-sensory interaction. In conclusion, the data unambiguously demonstrate the influence of canal cues on perception of roll tilt, which is a concept incorporated in internal models. However, our current internal model did not predict one of the four measures of tilt perception reported here (specifically, the phase of tilt perception during the translation paradigm). Therefore the data also demonstrate a limitation in our understanding of the mechanisms underlying roll tilt perception.
